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The electronic wedge brake (EWB) uses self-reinforcement principles to
optimise stopping power, but its mathematical model has various actuation
angles and system dynamics making controller design complex and
computationally burdensome. Therefore, the model order reduction (MOR)
is made based on three factors that may have a negligible influence on the
EWB system: the motor inductance, lead screw axial damping, and wedge
mass. Six reduced order model (ROM) types were proposed when one, two,
or all factors were ignored. The ROM accuracy was analysed using the
frequency and time domain. The percentage of root means square error
(RMSE) response value between the EWB benchmark model, and the
predicted response based on the ROM was found to be less than 2%, with
ROM size reduced from 5 to 2 orders. It guarantees that the new ROM series
will be useful for simpler EWB controller design. The proposed ROM
simplifies the original model drastically while retaining accuracy at an
adequate level. Even though the simplest EWB model is a 2" order linear
system, the best ROM vary depending on EWB design parameters.
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1. INTRODUCTION

The brake by wire (BBW) is a next-generation brake system that entirely replaces the traditional
brake mechanism. The electro-mechanical brake (EMB) is the most accurate description of BBW because
electronically powered actuators generate the braking force. The EMB has the following advantages: it is
noiseless, has a faster response time, is easy to create a control system, and is more ecologically friendly [1].
Most EMBs have an electric motor, a reduction gear, a floating disc brake calliper, and a 24/42 V power
supply [2], [3], and consume a lot of energy [4]. Since existing automobiles only use a 12 V power supply,
the electronic wedge brake (EWB) technology has been a popular alternative because it can run at the same
voltage as the power source and uses around one-tenth of the power [5]. The EWB is from the EMB category
that, by employing the self-reinforcement principle, can reduce energy usage.
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Two types of EWB designs are categorised based on their actuation angle. The first type is the
tangential angle, where the actuation angle is parallel to the disk surface. For this configuration, the actuation
angle is 0 degrees. Therefore, the clamping force acts perpendicularly to the actuation force produced by the
motor. In comparison, the second type is the optimised angle, when the actuation angle is set at the same
angle as the wedge angle [6]. As discussed in [7]-[11], different actuation angles are analysed using
analytical and experimental approaches. It is found that the best driving angle is when it is set equivalent to
the wedge angle.

The EWB system can be modelled using physical modelling or system identification (SI). The Sl
method has been used to develop dynamic models of EWB such as Box-Behnken [12]. The physical
modelling was first used in [6], where a state-space representation of the EWB model was used to construct a
braking force controller. The EWB model was mathematically derived using ordinary differential equations
(ODE) and was developed in three separate sub-assembly parts: the DC motor, lead screw, and EWB brake
heart. As the investigation progresses, subsequent numbers of mathematical modelling of the EWB system
have been developed [13]-[20]. In the EWB model, five states are identified: motor current, motor angular
velocity, angular motor position, wedge speed, and wedge position. Three of these state vectors are derived
from the motors and lead screw dynamics, while the other two are from the wedge model.

Furthermore, Hwang and Choi [21] describes the EWB model for tangential actuation type from an
electric motor to a wedge mechanism in detail, with all differential equations for all components combined.
However, the derived model was intended for basic EWB, which uses an actuation angle parallel to the disk
surface (tangential type). Although the second-order system was widely used to describe wedge mechanism
dynamics, there was also an 8" order system introduced to produce a model with at least 10% higher
accuracy than others [22]. For this consideration, the entire EWB model mathematical description has up to
the 13" order system after combining an electric motor (3" order) and a roller screw (2™ order) dynamic.
However, researchers did not use this model because of its enormous size and many parameters.

Due to the different types of actuation designs will have different model structures, the first flexible
version of the EWB model is introduced, which can be used for two famous EWB designs based on
tangential and optimised actuation angles [23]. The new generalised model is more compact and simpler than
the various versions of EWB while retaining model accuracy. Despite the 5" order linear model being
capable of describing the EWB system dynamic well, some nonlinearity is neglected in this model, such as
gear backlashes, coulomb frictions, and disk gap clearance inherited from conventional EMB [24].

Model-based approaches, which are prevalent in modern control strategies, benefit significantly
from representation in state space. Modern control strategies applied on EWB so far such as proportional-
integral-derivative (PID) [2], [6], linear quadratic regulator (LQR) [25], Youla parameterisation [26], sliding
mode control (SMC) [17], [21], and active disturbance rejection control (ADRC) [17] is highly dependent on
a model that represents the actual model. The model order reduction (MOR) simplifies controller design for
complex models. It falls into two categories: conceptual and mathematical/numerical/data-driven [27]. Model
reduction of linear-nonparametric dynamical systems has reached a considerable level of maturity. However,
parametric model reduction has emerged more recently as an important and vibrant research area [28]. Even
though research in parametric model reduction now mainly concentrates on nonlinear, parameterised, and
coupled problems, linear problems are still some unexplored challenges, especially in certain applications.

Reducing the complexity of the 5 separate states involved in designing a controller for EWB is
difficult due to limited sensor access. However, neglecting certain factors such as motor inductance, lead
screw axial damping, and wedge mass can simplify the 5 order linear EWB model to a 2" order linear
system [21]. Nonetheless, no further research is done to see what happens if not all these variables are
considered. Based on these three factors, we performed 2 cases based on our EWB parameters and realised
that the number of factors that can be ignored depends on EWB design parameters [29]. Motivated by this
result, we have expanded our study to several cases, as in this article and provided detailed derivation and
assumptions. We proposed 6 cases with different EWB simplified models. Based on our EWB design, further
analysis is made to evaluate each model accuracy, with the flexible, 5™ order linear model being used as a
benchmark. All the symbols and parameters used in this paper are based on previous work reported in [23].

There are four sections in this article. The first segment focuses on the EWB modelling review of
other relevant work. The equations involved in complete parametric modelling of the EWB are then listed,
followed by the 6 cases based on different scenarios. The simplified model for each case is proposed, and the
output response of the model is simulated and observed based on step response (time-domain) and bode plot
(frequency-domain) form. Besides, the root means square error (RMSE) value is used to find the best-
simplified model before ending with the conclusion in the last section.
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2. METHOD
2.1. Original model

As shown in Figure 1, the brake actuator consisted of the DC motor and the roller screw. The DC
motor actuator was used in this system to move the input torque and force the centre brake through a roller
screw, which transforms the angular motion of the DC motor into the axial motion of the coil in the centre of
the brake. On the other hand, the heart of the brake, consisting of a wedge mechanism, a calliper, and a brake
pad, may have diagonal motions, providing a clamping force to the brake disk.

XWa va —= Fc

Figure 1. EWB schematic diagram

There is a total of 7 equations that represent the dynamic of the EWB system. Several terms are
introduced to facilitate the derivative process as follows:

a; = K. tana (tana — w)

a, =M, (tan*a + 1)

LaNg
a3 = ——
3 2m
a, =cosf
Where
B = , for Tangential Actuation EWB

a ,for Optimised Actuation EWB

The complete model of EWB consists of a few physical parameters. The six parameters of DC
motor are resistance (Rm), inductance (Lm), electromotive force constant (Ke), torque constant (Ky), inertia
(Jm), and viscous friction constant (Dm). The lead screw consists of 5 parameters which are reduction gear
ratio (Na), steadiness (Ka), viscous damping (Da), pitch (La), and efficiency (n). The wedge mechanism and
brake pad parameters are wedge mass (Mw), wedge angle (o), actuation angle (), calliper stiffness (Kcar), and
brake pad coefficient (). The DC motor electrical and mechanical dynamics describe by (1) where Im is a
motor current, O, is a motor angle, and om is an angular speed of a DC motor.

. K, R 1
b=, -2, Ly, M)
. D. K, 1
Wy = _]_mwm + ]_tlm - ]_Tscrew )
m m m

For the lead screw dynamic that connects DC motor and wedge, the motor force (Fm) and screw
torque (Tscrew) can be defined as (3) and (4):
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Xw . Viw
Fm =Ka (a39m_Z)+Da (a39m_a) (3)
Fm
Tscrew =das 7 (4)

Where Xy is a displacement and V., is a speed of a wedge. By substituting (3) into (4), the torque screw
(Tserew) can be defined as (5):

Tscrew = ‘:7_3 [Ka (a39m - );_:/) + Da (a39;n - Z_‘Z)] (5)
For wedge mechanism dynamic is described as (6):

Vo= (=0) %+ (5) B ®

2 az0a4

Note that these six equations used are the simplified version when the angle of actuation (f) can be either 0 or
equal to wedge angle (a) as in [23]. Finally, the clamping force (F) of the wedge depends on the wedge
displacement (Xw) in the x-direction, calliper stiffness (Kca), and wedge angle (o).

FC = Kcale tan a (7)

2.2. Assumptions

The first assumption that can be made is the motor inductance factor. Motor inductance usually has
a minimal value, making it challenge to be a dominant pole. When this factor is ignored, (1) can be rewritten
as (8):

K, 1
Iy = ==& @ +—
Rm Rm

Vi 8)

By substituting (8) into (2), both of DC motor equations is combined and become a single description.

. _ _ (Dm | KiKe K¢ 1
wm - (]m + ]mRm) wm + (/mRm) Vm ]m TSCTEW (9)

Meanwhile, the second possible assumption is based on the axial damping factor. In most cases
where the mechanical component is so stiff, the axial damping only has little effect on the system response.
Therefore, the equation for the axial connection in (3) and (5) can be rewritten as (10) and (11):

Fn = (Kat3)0 — (52) Xa (10)
Tocrew = (2°) 0, — (“22) x,, (11)

The third assumption, on the other hand, is based on the mass of the wedge. In a typical EWB
mechanical system, the light mass wedge is usually coupled with a high degree of stiffness. Thus, resulting to
a stiff mechanical part with very high bandwidth. So, the performance of the system response largely depends
on the electrical actuation system. Accordingly, the dynamic of a wedge is ignored by setting the mass of the
wedge to zero. So that (6) is transformed into:

F, = (a,a)X,, (12)

In this study, 6 cases were selected for further evaluation. These cases were derived based on
assumptions and resulted in state-space representations. The first 3 cases are based on a single factor being
ignored: motor induction, axial damping, or wedge mass. The fourth and fifth cases are combinations of two
factors being neglected. The sixth case considers a combination of all factors being neglected.

2.3. Case 1-neglection of DC motor inductance
In (13) yields when (5) is substituted into (9). Meanwhile, substituting (3) into (6) yields (14):
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o = () o+ () () 0 (224 £ 0 1 ()0, 19

NJmas NJmas Nim Jm JmRm nim JmRm
P Ka+a1a42) _( Dg ) (Kaa3) (Daa3)
v, = (Tmz X = (7225) Voo + (522) O+ (22) wom (14)

Using (7), (13), and (14) will reduce the order of state-space and hence, yields:

X =Ax + Bu
y=Cx+ Du (15)
X = [Xw' Vi) O, a)m]T
y=F
0 1 0 0
_ Kataia,®? Dg Kgas Dgas
A= aya,? aya,? aa, aza,
0 0 0 1
Kaaz Dgas __ Kqaz* _Dm _ KiKe Dgasz®
NImas NJmas nim Jm  JmRm Nnlm
0 T
0 K q tan(a)
B=| o |, andC = 0
_Ke 0
JmRm 0

Therefore, system order reduces by 1 when neglecting motor inductance. The EWB model then
becomes a fourth order system with four state vectors instead of the fifth order in its original model.

2.4. Case 2—neglection of axial damping
In the 2™ case, (16) yields by substituting (10) into (6). Furthermore, substituting (11) into (2)
produces (17).

V= - (i) x, + (22, (16)
in = (52) Xy = (52) 6~ (=) o + (72 I a7)

Finally, by combining (1), (7), (16), and (17), the complete model of the EWB actuator without axial
damping dynamic factor is obtained:

X = [Xw' Vs Oy Wpn, Im]T (18)
0 1 0 0 0 T
_ Ka+a1‘;42 0 Kaas 0 0
aay aay
A= 0 0 0 1 0
Kaas _ Kaas? _Dm K
NImaaq nlm Jm Jm
0 0 0 .
Lm Lo
0 K., tan(a) r
0 0
B = g , and C = 0
1 0
b 0

In this case, even though the system is simplified, the system order remains like the original model.
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2.5. Case 3—-neglection of wedge mass
Negligence for case 3 is possible when the wedge mass is very light. From (12) is substituted into
(4) and then substituted into the motor in (2) will yields (19). Meanwhile, (12) with (3) will produces (20).

10304 Kt

W == () Xy = R o + 3l =
Xy, =— (K‘z%‘ia"z) X, + (K“;—j“‘) 0., + (aza,) w0y, (20)

By combining (1), (7), (19), and (20), the reduced order model (ROM) for case 3 is produced.

x = [Xy, Oy Wy )" (21)
[ Kq+ 2 Kq
- ;:a4 gza4 a3a4 O
0 0 1 0
A= D. K
_ 1030y 0 _Dm K
nm Jm Jm
0 0 "
Lm Lim
[ 8 Kcal tan(a) !
B=|g]|, andC= 0
1 0
7. 0

Therefore, system order reduces by one when considering wedge mass is very light. The EWB
model becomes a fourth-order system with four state vectors instead of the fifth order in its original model.

2.6. Case 4—neglection of motor inductance and axial damping
In case 4, (11) is substituted into a simplified equation for neglecting motor inductance case as in
(9), which then produces (22):

= (12 (5) 0, - (22 2, () 2

Jmnas Jmn Jm  JmBRm JmRm

Using (7), (16), and (22), the ROM size of the state-space yields (23):

X = [Xw' Vs Oms wm]T (23)
0 1 0 0
K, + a,a,? K, a
_ aa alz 4 0 aaa3 0
A _ 244 244
0 0 0 1
KaaS 0 Kaa32 Dm KtKe
77]ma4- n]m ]m ]mRmf
0 T
0 K g tan(x)
B=| 0 |, andC = 0
K, 0
TR 0

2.7. Case 5-neglection of axial damping and wedge mass
For the 5% case where axial damping and wedge mass are ignored. In (10) with (12) produces (24).
Meanwhile, (25) yields by substituting (22) into (17).
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— | Kad3as
Xw = [Ka+a1a42] Om (24)
. Ka2a32 _ Kaa32 _ D_m ﬁ
@m = (ﬂ]m(Ka+a1a42) NJm )Hm (]m) Wm + (/m) Im (25)
Substituting (24) into (7) generates:
Kq
F.=K. tana (ﬁ) [ (26)

Finally, by combining (1), (25) and (26), the complete model of the EWB actuator when axial damping and
wedge mass are neglected is obtained.

X = [gm' W, Im]T 27
0 1 0
Kq2as? _ Kqasz? _ Dm K¢
A= NJm(Kq+aia4?) NJm Jm Jm
0 _Ke  _Pm
Lm Lm
0 Kcartan(x)Kqazaq T
1o _ Kg+aya,?
B = gl and C = 0
Lm 0

Therefore, in this case, the system order reduces by 2. The simplified model of EWB becomes a
third-order linear system. In this case, an estimated transient behaviour purely comes from motor behaviour.

2.8. Case 6-neglection of all 3 factors
The maximum reduction of the model can be made by assuming that all of the three aforementioned
factors can be ignored. Substituting (24) into (22) produces the single as (28):

W, = — [1@,_6;32( aias’ )] 6, — (D_m 4 KekKe ) W + (L) Vi (28)

NJm \Kg+ajas? Jm  JmRm JmRm

Using (26) and (28), the EWB ROM in the state-space is obtained.

X =[O, wp]" (29)

[ 0 1
A= _’91_‘132( ara,’ ) _D_m_ﬁ]

NIm \Kg+aia,? Jm  JmRm

0 Kcqitan()Kqazas T
B = [ K¢ ], and C = [ Kg+aja,? ]

Thus, the system can be represented only with a motor angle (6m) and motor angular speed (®m) in
the simplest model. The system order is reduced from five to two.

3. RESULTS AND DISCUSSION

Based on derived state-space via MOR discussed before, it concludes that the size and complexity of
an EWB model are possibly be reduced by using 3 possible assumptions. The original model which is a 5™
order system can be reduced as low as a 2" order system and summarised in Table 1. The best ROM is
chosen for its accuracy and simplicity. Assumptions for controller design are determined. Frequency and
time-based analyses were performed using a bode plot and step response. 51" order EWB model was used to
evaluate the accuracy of simplified models.

Frequency-based analysis of six ROMs is plotted in two bode plot forms as in Figures 2 and 3. From
both figures, only several cases are considered acceptable. Only cases 2, 3, and 5 were permitted while
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showing results close to the benchmark model. The case 2 bode plot follows the benchmark model closely
when compared to others for both the magnitude and phase values. Cases 3 and 5 also follow the benchmark
model closely at low-level frequency. However, both models start showing different behaviours at a high
frequency that starts from 30 k rad/s and above.

Table 1. The EWB ROM in state space summary

Case no. Neglecting factor Independence states  Clamping force (F,)
1 Motor inductance (L,,) Xo» Viyy Oy O Obtain from X,
2 Axial damping (D,) Xo» Viys Oy Oy I Obtain from X,
3 Wedge mass (M,,) X» Oy O, I Obtain from X,
4 Motor inductance (L,,,) and axial damping (D,) Xo» Viyy Oy O Obtain from X,,
5 Axial damping (D,) and wedge mass (M,,) [Z N Estimate from 6,,
6 Motor inductance (L,,), axial damping (D,), and wedge mass (M,,) 6, Wy, Estimate from 6,

Bode Diagram
100 T T T T T T

EWB 5™ Order Model

Magnitude (dB)
)
o

— — -Case 1: Lm Neglected
X XCase 2: Da Neglected
""""" Case 3: Mw Neglected

_450 L Il L L L Q0 2 0
107! 10° 10" 102 103 104 10° 108
Frequency (rad/s)

Figure 2. The bode plot of the EWB original model versus first 3 cases of ROMs
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Figure 3. The bode plot of the EWB original model versus last 3 cases of ROMs
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The accuracy of the proposed ROMs was further analysed using the time domain. For a simplified
comparison, two groups of proposed models were made. Cases 1, 4, and 6 ROMs that showed different
behaviour compared to the benchmark model are placed in the A group. Meanwhile, group B consists of the
ROMs (2, 3, and 5) that offers a similar response to the benchmark. The clamping force is the output for the
EWB model. The model output for each proposed model is plotted based on their group, according to the
frequency-based accuracy result mentioned earlier. The clamping force response of each approximate model
are as plotted in Figures 4(a) and (b).

The step response shown in Figure 4(a) reveals that cases 1, 4, and 6 (group A) have a relatively
large error. Two parts of the responses show errors from 0.1 to 0.3 seconds and 0.75 to 1.75 seconds, as
highlighted in the graph. Meanwhile, the other group (group B) show very high accuracy responses which are
close to the benchmark model, as in Figure 4(b). The model responses in the graph at 0.95 to 1.05 seconds
showed no error spotted even though the graph was enlarged.

12000 12000
10000 | //; Ny 10000 F
z 4 11000 = ~a 9800
B - <
= 80001 ~” £ 8000 [
L; 4000 / 10000 / - 9600
Q Q
£ 6000 2000 / 9000 S 6000}
9400
%’ 0 1 14 g 0.95 1 1.05
E 4000} 01 02 03 g 4000 ”
o EWB 5" Order Model IS EWB 5" Order Model
2000 — — — - Case 1: Lm Neglected 2000 | — — " Case 2: Da Neglected
==m===: Case 4: Lm and Da Neglected = === Case 3: Mw Neglected
mmmEEm (Case 6: Lm, Da and Mw Neglected mE=="" Case 5: Daand Mw Neglected
0 " : T : : . 0 L ! ! ) ) )
0 0.5 1 1.5 2 2.5 3 3.5 0 0.5 1 1.5 2 2.5 3 3.5
Time, t (s) Time, t (s)
@ (b)

Figure 4. ROM clamping force step response for; (a) group A and (b) group B

Based on the step response analysis, it is difficult to evaluate the accuracy of each model since the
error is minimal and cannot be observed by normal observation. Therefore, the responses of both group
models were investigated further by plotting the clamping force error, as in Figure 5. As displayed in
Figure 5(a), the error for cases 1, 4, and 6 (group A) show the same magnitude and pattern. Figure 5(b) on the
other hand, demonstrates the group B model deficient error, where it was found that the case 2 model
accuracy is the best, followed by case 5 and case 3 models. The graph show that the error occurs only during
the transient state and goes down to zero as time goes to infinity.

103
0 — e 4 , ,
o ol +
/ 2 '{‘ LT \~\
—~ —~ N
Z -100 z it
L / L of———F——————-——— ‘! LA o _ P
w -150 w - 107
< I . \ 1 102
S 200] / TR B N
8] w ol '~
© I Q ‘ al Ya '~
S 50} o t = S| Thea Tt~
- / E 4w M Yy
L ]
= = (Y 0
c - =
5 300(Y 3 \ / 5 o .‘-‘.’- 3 35
® L n
o -350 — — — - Case 1: Lm Neglected 8 " 1 — — — -Case 2: Da Neglected
400 F ==m====:Case 4: Lm and Da Neglected 8F %N ======:Case 3: Mw Neglected
i == mmmiCase 6: La, Da, and Mw Neglected ==mm= Case 5: Daand Mw Neglected
450 | I I I I I -10 | I I \ \ \
0 0.5 1 1.5 2 2.5 3 3.5 0 0.5 1 1.5 2 2.5 3 3.5
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Figure 5. ROM clamping force error for; (a) group A and (b) group B
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In addition, the commonly used RMSE value was used to calculate the average error for the entire
time range of the model response errors. The RMSE value and percentage for each approximated model are
summarised in Table 2. The RMSE for case 2 was found to be the least with only 5.23e-12%, followed by
case 5 and case 3 with 1.94e-5% and 2.80e-5%, respectively. Even though have a simpler system with almost
zero error, the model reduction size produced in case 2 does not change. The best model reduction for case 5
gives the simplest model with an acceptable error value. It is clearly shown that based on our design, only 3
states are dominant which are motor position (6m), motor speed (om), and motor current (In).

Table 2. The RMSE of clamping force for EWB reduce order ROMs
Proposed model case number  RMSE value (N) RMSE percentage (%)

1 198.92 2.08
2 5.00e-10 5.23e-12
3 2.70e-3 2.80e-5
4 198.92 2.08
5 1.90e-3 1.94e-5
6 198.92 2.08

4. CONCLUSION

The EWB parametric MOR is possible and can be made based on 3 main factors. The motor
inductance, lead screw axial damping, and wedge mass are the factors that may have little influence on the
overall system. The EWB widely used 5" full order model can be reduced up to 2™ order system, depending
on the design of the EWB itself which has its parameters. Time and frequency domain response analysis is
compulsory to determine which factor can be neglected and consequently choose the suitable ROM that can
be applied. The RMSE can be used to select the best ROM. Even though the simplest EWB model is a 2™
order linear system, the best simplifications model may vary depending on EWB design parameters.
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